An exponential law is presented for modeling piezoelectric behavior of bone tissues. The law is established based on experimental observation and existing empirical decay function. The model is then used to investigate the relaxation behavior of pizeovoltages induced by external load. Piezovoltages between the two opposing surfaces of bovine tibia bone samples under three point bending deformation are measured using an ultra high input impedance bioamplifier. The experimental results indicate that the pizeovoltages of bone show different relaxation behaviors during loading and unloading process. It is found that the piezovoltage decay follows a stretched exponential law when the load increases from zero to its maximum value, while it follows a typical relaxation exponential law when the load is kept its maximum value. The stretching-exponential behavior is independent of loading amplitude and rate. One possible reason for causing the stretched exponential behavior may be due to the triple helices structure of collagen fibrils distributed randomly in bone, which can experience relatively large deformation under external loads. The deformation process may include self-deformation and relative slipping between the molecule chains. The relative slipping movements may change the dielectric constants and resistances of bone, which can lead to multiple relaxation time behaviors during the deformation process of bone.
Introduction
Bone can change its mass, shape and density to adapt its external environment, which is called bone remodeling, the substance of Wolf law. There are generally three possible factors to influence the bone remodeling process. They are piezoelectric potential (Fukada, 1964; Bassett and Becker, 1962; Steinberg et al., 1968; Qin and Ye, 2004; Qin et al., 2005) and streaming potentials (Anderson and Eriksson, 1968; Yokota and Tanaka, 2005; Pienkowski and Pollack, 1983) both of which are known as stress generated potentials (SGPs). The third one is fluid-generated shear stress (Tzima et al., 2005; Burger et al., 2003; Riddle and Donahue, 2008) . From the viewpoint of biologic evolution, though whether the electric potential of bone has any effect on remodeling is still an open question, bone's mechanical-electrical coupling property may have effects on the bone remodeling process in some way. Thus, the piezoelectricity of bone may play a certain role in bone remodeling process.
In the literature, piezoelectric signals were usually measured by charge amplifier, which detected the polarized charges on bone surfaces by transferring them to a capacitor in an instrument. This is a relatively simple way for determining the quantitative relationships between the electric charge and external force. However, this method cannot reveal the time-dependent variation of the polarized charges in bone during which the magnitude of charges may influence the bone remodeling process or osteocyte viability.
During the past decades, various new techniques have been developed and employed to investigate the piezoelectric properties of bone tissue. Based on the concept of converse piezoelectric effect (Qin, 2001) , the piezoelectric coefficient d 23 was determined using a sensitive dilatometer (Aschero et al., 1999) . Piezoelectric force microscope and atomic force microscope were also employed to measure piezoelectric properties of bone (Kalinin et al., 2005; Minary-Jolandan and Yu, 2009 ). As bone belongs to an inhomogeneous anisotropy material, the piezoelectric coefficient matrix at a point does not convey enough information of its piezoelectric properties. In order to investigate in detail the piezoelectric properties of bone, it is necessary to conduct further studies with different methods. In this study, the piezovoltage of bone under three-point bending deformation are measured using an ultra high input impedance bioamplifier. The pizeovoltage of bone show different stretching-relaxation behaviors during loading and unloading process. It also follows different exponential law during stretching and relaxation process.
Materials and methods

Sample preparation
Cortical bone samples used are harvested from mid diaphysis of dry bovine tibias (age 2-3 years), and machined into rectangular beams ( Fig. 1(a) ) with a dimension range as shown in Table 1 . Six samples were prepared and were dried in air for at least two weeks till the resistance or impedance between the two lateral surfaces was over 10 9 Ohm, while the maximum resistance of complete dry bone is usually in the order of 10 10 Ohm (Singh and Saha, 1984; Tzukert et al., 1983) . Then, the conductive silver adhesive (5001, SPI, USA) was painted on both sides of each specimen as electrodes whose dimensions are of 3 Â 3 mm ( Fig. 1(b) ). After the electrodes being painted, the samples were kept in an environment with relative humidity 52-56% and temperature 22-25°C. The two electrodes were placed in the same axial position and at the same mid-height from the neutral axes of the samples, where the bone samples are subjected to both normal stress and shear stress.
Experimental set-up
The pair of electrodes and the bone tissue sandwiched between them is equivalent to a capacitor and let C be its capacitance (Singh and Saha, 1984; Johnson et al., 1980) . Once the piezoelectric charge Q induced by the load accumulates on the electrodes, a corresponding piezovoltage V (V = CQ) can be observed. Because the piezovoltage is a linear function of piezocharge, the variation of the voltage is consistent with that of the charge.
The experimental setup of the measurement system is illustrated in Fig. 2 . It can be seen from Fig. 2 that the electrode on the lateral side facing medullary cavity ( Fig. 1 ) was taken as zero potential (or reference potential). While the measured piezovoltage was input into a Bioamplifier (BMA-931, CWE Inc., USA) via an ultra high input impedance (over 10 12 X) Head Stage (Super Z, CWE Inc., USA), whose input impedance is at least two orders higher than that of bone and is able to prevent the charges accumulated on the electrodes leaking through the head stage. In the measurement, the amplified voltage signals were recorded by a computer. Loads were applied using an Instron 1343 closed-loop servo-hydraulic machine controlled by 8800 Control Tower, and the loading signals in Control Tower were also input into the computer for recording.
The testing sample and the Head Stage are enclosed in a double electromagnetic shield with the outer shield connecting to ground and the inner to the Head Stage common terminal. This arrangement can keep the electric field distribution to be constant in the device (Fu et al., 2006) . Fig. 3 shows a trapezoidal loading configuration applying to the samples in our experiment. It has equal loading and unloading time T o (T o = 0.25, 0.5 and 1 s is employed). Having reached its maximum F o (F o = 50, 100 and 150 N in our experiment), the load is kept to be constant for 6 s and then the load decreases to zero (see Fig. 3 ). It is noted that the cortical bone has a weak viscoelasticity especially dry bone (Yamashita et al., 2002) . In order to reduce the effect of viscoelasticity, the maximum compressive stresses in the samples, caused by the maximum F o , are between 12 and 23 MPa which is much less than 80 MPa below which no irrecoverable deformation occurs in cortical bone (Fondrk et al., 1988) and the stress and strain has a linear relationship for cortical bovine (Hoc et al., 2006) .
Experimental procedure and characteristic of piezovoltage
Piezovoltages of the bone samples are measured under threepoint bending in an environment with relative humidity of 52-56% and temperature of 21-26°C. Fig. 3(b) shows a typical plot of variation of piezovoltage with time under the loading profile shown in Fig. 3(a) . It has a negative and a positive pulse corresponding to the loading and unloading durations respectively. The peak of first pulse (negative) is just corresponding to the loading endpoint and the second pulse peak corresponds to the unloading endpoint. The amplitudes of the peaks are of the order of several millivolts. The pattern of the pulses indicates that once the loading or unloading ends the piezovoltage starts to decay towards zero, which looks like an exponential relaxation process. The corresponding physical process is that once the piezocharge appears on the two electrodes, it begins to discharge through the impedance of the bone. Then, the variation of the piezocharge with time is associated with mechanical loads and physical properties of bone such as impedance.
Results
The piezovoltage-time curves (Blue) 1 of all the samples ( illustrate two groups of these curves for samples 1 and 2, respectively, with different loading conditions. After many trials of curve fittings on the measured curves, it was found that the pizeovoltages show different relaxation behaviors in loading (or unloading) and load holding processes (details of fitting scheme can be found in Appendix A). During loading, the piezovoltage decays followed a non-exponential or stretched exponential law e VðtÞ ¼ KFðtÞe
where t is the time, F(t) the load function, K a proportional coefficient between load F(t) and piezovoltage, s d is time constant or relaxation time, and b (0 < b 6 1) is a stretching exponent. In our experiment, the first stage of the loading process F(t) is given as
(1) indicates that the piezovoltage is generated in proportion to the load F(t), and it decays in the stretched exponential law simultaneously. When the loading keeps constant, the fitted piezovoltage function is where s c is a time constant, V 0 is the peak voltage when the first stage of the loading process ends. Let t = T o and substituting Eq.
(1 0 ) into Eq. (1) yields 
In Fig. 4 (a) - (e) which is easy to be determined. These parameters are independent of holding load F o and loading time T o . To determine the three parameters in the first part at least five piezovoltage-time curves are measured for each sample corresponding to different holding load F o and loading time T o , as shown in Fig. 4 . We obtained the three parameters by fitting any three of the five curves to Eq. (1) using trial-and-error method on a computer. Then the other two curves were fitted by the three determined parameters, with corresponding values of F o and T o , for checking the adequacy of fitting. It was found that once the three parameters were determined by any three curves, they are available for the remaining two curves. This proved the uniqueness of the fitting. Namely, the stretched exponential behavior represents merely bone's inherent property. The fitting parameters of the six samples are listed in Table 2 .
The time constant s d , in loading process, is about one order of magnitude smaller than the s c , in loading hold process. The significance of the stretched exponent b(0.276 < b < 0.305) is that the relaxation mechanism in loading process is different from that in load holding process. The fitting functions (3) and (4) and the measured piezovoltage curves in Figs. 4 and 5 show that the peaks of piezovoltage are proportional to the maximum load F o and inversely proportional to loading interval T o . Making use of the mean value of the fitting parameters listed in Table 1 
Discussion
Although the stretched exponential law is an empirical function (Williams and Watts, 1970; Kawakami and Pikal, 2005; Milovanov et al., 2008) , it has been found that the function can describe the relaxation behavior of a variety of materials with structural disorder such as dielectrics (Milovanov et al., 2008 (Milovanov et al., , 2007 Husain and Anderssen, 2005; Fu et al., 2001) , amorphous substances like glasses (Haruyama et al., 2007; Palmer et al., 1984) , and soft tissues (June et al., 2009; MacLean et al., 2007) . A natural and commonly used interpretation of an observed stretched exponential relaxation is in terms of the global relaxation of a system containing many independently relaxing species, each of which decays exponentially in time with a specific fixed relaxation rate (Johnston, 2006) . Further, the stretched exponential relaxation can be expressed as a weighted superposition of single exponential relaxation functions (Milovanov et al., 2008 (Milovanov et al., , 2007 Palmer et al., 1984; Johnston, 2006; Richert and Richert, 1998) global effect of the large number of different relaxation time constants, and it is sometime also known as apparent time constant. Actually, relaxations of the piezovoltage imply that the piezoelectric charges on the electrodes mainly discharge through the impedance of bone between the two electrodes. Because the input impedance of Head Stage is at least two orders higher than the impedance of bone between the two electrodes, it can be considered that the piezoelectric charges mainly discharge through the bone impedance. Singh and Saha, and Johnson described the electrical behavior of bone in terms of an equivalent parallel combination of impedance and capacitor (Singh and Saha, 1984; Johnson et al., 1980) . Its capacitance is C = eS/d (parallel plate capacitors) where e stands for the dielectric constant of bone between the two electrodes, S denotes area of the electrode, and d represents thickness of the bone sample. Therefore, the factors influence the discharge behavior should be merely two electric properties of bone: the capacitance and impedance or resistance. The resistance of the bone between the two electrodes is approximately R = qd/S where q denotes bone's resistivity. The resistance R and capacitance C form a parallel connected RC circuit. The time constant s c can, then, be defined as s c = RC = eq, which means that the discharge rate of piezocharges on the electrodes depends on dielectric constant e and resistivity q. In load holding process, s c is approximately a constant and hence the voltage relaxation follows a typical exponential decay. In loading or unloading process, however, the voltage relaxation shows multi-relaxation time behavior. A possible explanation is that, during the duration of deformation, the bone's dielectric or the resistivity properties varies, which leads to changes of relaxation behavior. Because the piezoelectricity of bone arises from the organic components (mainly collagen), the analysis mainly focuses on the collagen fiber structure. The structural details are shown in Fig. 6 (Minary-Jolandan and Yu, 2009; Jager and Fratzl, 2000; Fratzl and Weinkamer, 2007; Gupta et al., 2006) . A collagen molecule is composed of a triplet of three polypeptide chains (two a 1 and one a 2 chains) with length about 300 nm, and diameter about 1.5 nm (Fig. 6(a) ). These molecules lie in a staggered arrangement, and there is a 40 nm gap between one collagen molecule end and another. The adjacent collagen molecules are joined by covalent cross-links near the gaps. Collagen molecules are filled and coated by platelet like tiny mineral crystals, which form the mineralized collagen fibril. A group of collagen fibrils embedded in the mineral crystals form a hierarchical structure of collagen fiber ( Fig. 6(b) ). When the bone is stressed, the mineral platelet transfers the stress via adjacent collagen fibrils and cross links by shearing, and the shear deformations of the organic fibrils are considerably larger than the mineralized components (Gupta et al., 2006) .
The triple helices structure and the considerably large deformation may well be the two main factors influencing the electric properties of bone tissues during the deformation. During the loading or unloading process, it was probable that the large deformation included self-deformations of the three collagen molecule chains leading to piezo-polarization and continuous relative slipping movement between the chains. However, in load holding process, the slipping movements stopped. A hypothesis is then made that the slipping movements between adjacent chains may cause the variations of the electric properties of collagens, which includes either the dielectric constant or the resistivity or both of them (eq). If the hypothesis holds true for collagen materials, it may be considered that variation of electric properties of bone is associated with geometrical distribution of collagen fibrils. If the above analysis holds true for collagen materials, it may be considered that variation of electric properties of bone is associated with geometrical distribution of collagen fibrils. Because the collagen fibrils orient randomly in various directions in bone, with the mean direction approximately parallel to the axis of bone diaphysis (Ascenzi and Lomovtsev, 2006; Bills et al., 1982) , the variation extent of electric properties of collagen fibers may depend on their orientation angles. In other words, the changes of the electric properties are different for the collagen fibers with different directions. Thus, the collagen fibrils possessed multi-relaxation behaviour, while in load holding process, there is no continuous slipping movement between chains, and they recover to typical exponential behavior. One of the two results of variation in the dielectric properties of bone was the change of equivalent capacitance (C = eS/d) between the electrodes. An increase in the dielectric constant e leads to an increase in the capacitance and then the piezovoltage between the electrodes becomes lower, with the piezocharges stored in C remaining the same, and vice versa. The other result is the variation of the resistivity or resistance of bone which affecting the piezovoltages by changing the charge/discharge rate.
The curves in Fig. 7 illustrate the decay characteristics of the stretching and typical exponential laws. Fig. 7 shows four curves for the decay exponential function eðtÞ ¼ e Table 2 ). These curves indicate that the stretched exponential curves decay faster than the typical exponential curves at and before approximately 120 (Red) or 220 (Black) ms and beyond that they decay slower than the typical exponential curves.
It is evident from the four simulative relaxation curves in Fig. 7 that the electric properties of bone are changed during the deformation process. The first two (Blue and Green) and the last two (Red and Black) curves simulate, respectively, the piezovoltage relaxation characteristics without and with changes of the dielectric constants, which are equivalent to change in the capacitance. Because once the dielectric constant or capacitance increases, the piezovoltage across the capacitor becomes lower. This trend is in agreement with the Red and Black curves in Fig. 7 for the whole duration. It is also noted that if the resistivity keeps unchanged or increases, the equivalent relaxation time constant must increase as predicted above. Then the overall decay becomes slower. In reality, even the resistivity becomes lower, the product of eq is still likely to increase, which making the relaxation rate slowly. Besides the piezoelectricity, the other mechanism of SGPs is the streaming potential in bone. The relaxation of the streaming potentials in living bone, caused by step-load, also follows a stretched exponential decay (Qin et al., 2002) . It is possible that a certain correlation exists between the piezoelectricity and the steaming potentials in bone.
Generally, during the deformation of bone the viscoelastic deformation such as creep may also occur though the creep deformation is relative small in dry cortical bone (Yamashita et al., 2002) . However, if this kind of deformation is indeed big enough to influences the variations of the electric properties of collagens to a certain extent, it would cause the variations of the electric properties during both loading and load holding processes, and thus the difference of the two kinds of relaxation modes, corresponding to loading and load holding processes respectively, will not occur. Based on this judgment, the creep does not influence the relaxation behavior.
Conclusions
The pizeovoltage of bone show different relaxation behaviors in loading and load holding processes. In loading process, the piezovoltage decay follows a stretched exponential law, while it follows the typical exponential law in load holding process. The stretched exponential behavior is independent of loading amplitude and rate. The apparent time constants of the stretched exponential are approximately one order of magnitude smaller than the time constants of typical exponential law.
To explain the observations, a hypothesis was proposed that the slipping movements between adjacent collage molecules cause the variations of the electric properties of collagens. Based on the hypothesis the deduced main reason for the stretching-exponential behavior is the triple helices structure of collagen fibrils distributed randomly in bone, which suffer relatively large deformation, under external loads, including self-deformations and relative slipping between molecule chains. The relative slipping movements may change the dielectric constants and resistances of bone, which leads to multiple relaxation time behaviors during deformation of bone.
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The ideal fitting result is to find a specific value of b, which makes s d = s d12 = s d23 = s d31 and K = k 12 = k 23 = k 31 .
Due to the presence of measurement errors, the fitting criterion used is to find a b (0 < b < 1) which makes the error function Error ¼ ðjs d12 À s d23 j þ js d23 À s d31 j þ js d31 À s d12 jÞ Â ðjk 12 À k 23 j þ jk 23 À k 31 j þ jk 31 À k 12 jÞ minimum under the six restrictive conditions js d12 À s d23 j 6 Ds, js d23 À s d31 j 6 Ds, js d31 À s d12 j 6 Ds, jk 12 À k 23 j 6 Dk, jk 23 À k 31 j 6 Dk and jk 31 À k 12 j 6 Dk, which Ds and Dk are error threshold of time constants and proportional coefficients, respectively. Then the values of s d and k are defined as their average s d = (s d12 + s d23 + s d31 )/3 and K = (k 12 + k 23 + k 31 )/3. Because s d and K are not of the same order of magnitude, the error function is configured by multiplying the sum of three time constant differences and the sum of the three proportional coefficient differences.
The Eqs. (g-1), (g-2), (h-1), (h-2), (i-1) and (i-2) imply that if a specific b is found K, s d can be determined based on the three pizeovoltage values of V 025 ðt 025 Þ; V 05 ðt 05 Þ and V 1 ðt 1 Þ at specific time t.
For the performance of the curve fitting, the three pizeovoltage of V 025 ðt 025 Þ; V 05 ðt 05 Þ and V 1 ðt 1 Þ at t 025 = 0.25 s, t 05 = 0.5 s and t 1 = 1 s, respectively, were used, which corresponding to the three peak values of the three pizeovoltage-time curves.
In order to find suitable fitting results under the above criterion, circular calculations were carried out for the above equations when b increases from 0 to 1 step by step. The obtained parameters K, s d and b were listed in Table 2 in the text.
It was found that if the value of Ds or Dk is set to be less than 5-8% of the final fitting value of s d or K, the fitting calculation cannot reach convergent results due to the presence of measurement errors. Thus we use 10% of final fitting values of the two parameters as the tolerance in the calculations, which means that the relative difference of the final fitting value with respect to each of the calculation value (such as Ds with respect to s d12 or s d23 or s d31 ) is below 10%.
